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The precise calculation of anticipated seismic intensity is an important component of Earthquake Early
Warning (EEW) procedures. The EEW method adopted by the Japan Meteorological Agency (JMA) uses event
magnitude, hypocentral distance, and site amplification factor for this calculation, in which the site amplification
factor is represented by a single scalar without consideration of spectrum contents. Even when two earthquakes
occur at the same location with the same magnitude, their observed distributions of seismic intensity are not
always the same. And even at adjacent measurement stations, the interstation difference in seismic intensity of
one earthquake is not always the same as that of another earthquake. To evaluate these expected uncertainties
in the current JMA EEW method, we analyzed the distribution of recorded seismic intensities from adjacent
earthquakes and also compared the intensities at adjacent observation sites. The uncertainties are 0.29 JMA
intensity units when the JMA magnitude is used as an index of source factor and 0.22 when the average of the
observed seismic intensities is used. The uncertainties are 0.21 when site amplification factor is represented by
single scalar value. These results may indicate the intrinsic precision limits of anticipated seismic intensities in
the current JMA EEW method.
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1. Introduction
Earthquake Early Warning (EEW) systems have been
researched and developed in Mexico, the USA, Taiwan,
Italy, Turkey, and other countries (e.g., Espinosa Aranda
et al., 1995; Alcik et al., 2009; Allen et al., 2009; Hsiao
et al., 2009; Zollo et al., 2009). EEW systems aid in
mitigating an earthquake disaster by giving people enough
time to take appropriate safety measures in advance of
strong shaking. A practical nationwide EEW began in
Japan and became fully operational in October 2007 by the
Japan Meteorological Agency (JMA) (Hoshiba et al., 2008;
Kamigaichi et al., 2009). In the JMA method, the locations
of hypocenters and magnitudes of earthquakes are deter-
mined as quickly as possible using real-time data collected
from stations near the hypocenter, and the distribution of
the anticipated seismic intensities is rapidly estimated. If
anticipated seismic intensities surpass a threshold value, the
earthquake information and appropriate warnings are deliv-
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ered immediately to governmental offices, representatives
from various industries, member of the news media, and
various individuals before strong ground shaking reaches
them. The precise anticipation of seismic intensities is,
therefore, an important component of the EEW system. The
EEW algorithm should be able to predict the seismic inten-
sity not only quickly but also precisely.
Predictions of seismic ground motion usually consider a
source factor, a path factor, and a site amplification factor.
The general function form commonly used for the predic-
tion of seismic ground motion is
A = S ∗ f1(R, Ds) ∗ G, (1)
where A is a ground motion parameter (e.g., peak ground
acceleration, peak ground velocity, spectrum amplitude, or
seismic intensity), f1(R, Ds) represents the attenuation re-
lation depending on distance from the source R and focal
depth Ds, and S and G are factors for source characteristics
and site amplification, respectively. A more sophisticated
form is
A = S ∗ f2(λg, φg, λs, φs, Ds) ∗ G, (2)
which incorporates the effect of three-dimensional (3D) at-
tenuation structure, where λg, φg represent the site location
and λs, φs the epicentral location.
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Fig. 1. Relation of ac in Eq. (3), JMA instrumental seismic intensity, and 10-degree JMA intensity scale as well as the approximate relation of the JMA
intensity scale and Modified Mercalli scale. “L” and “U” on 5 and 6 of the 10-degree JMA scale indicate “lower” and “upper” delineations.
JMA currently uses formulation (1) in its EEW system.
The technique adopted for the rapid determination of the
hypocenter and magnitude is based on several methods de-
veloped by JMA and the Railway Technical Research Insti-
tute, and also by the National Research Institute for Earth
Science and Disaster Prevention (NIED) (Odaka et al.,
2003; Kamigaichi, 2004; Tsukada et al., 2004; Horiuchi et
al., 2005; Nakamura et al., 2009) using waveform data from
the JMA network and from NIED’s Hi-net network. Antic-
ipated seismic intensity is based on the empirical methods
of Si and Midorikawa (1999), Matsuoka and Midorikawa
(1994), and Midorikawa et al. (1999), which are based on
the hypocentral distance, focal depth, magnitude, and site
amplification factor as represented in (1). Here, the source
factor S and site amplification factor G are each represented
by single scalars, without consideration of spectrum con-
tents.
The uncertainty of ground motion predictions and the
limits of that uncertainty have been considered by many
authors (e.g., Douglas and Smit, 2001; Ikeura and Noda,
2005; Atkinson, 2006; Bragato, 2008; Morikawa et al.,
2008; Strasser et al., 2009). Most of these studies relied
on (1). Considerations based on (2) have not yet well re-
searched.
In this paper, we investigate the precision of anticipated
seismic intensities using recorded seismic intensity data
based on (2). We also consider how much uncertainty
should be expected when the source factor S and site am-
plification factor G are represented by scalars, provided that
the hypocenter and magnitude are determined precisely.
2. Data
In Japan, the JMA intensity scale is widely used for seis-
mic intensity. Since 1996 this scale has been based on
instrumental measurements in which not only amplitude
but also frequency and duration of the shaking are con-
sidered (Japan Meteorological Agency, 1996; Yamamoto et
al., 2008). The definition of seismic intensity is
I = 2 log10(ac)+ 0.94, (3)
where I is JMA seismic intensity, and ac is defined as the
value satisfying the condition that total duration of a(t) >
ac is 0.3 s. Here, a(t) is the time series of vector amplitude
of the three components of band-pass filtered acceleration
(measured in cm/s2) in which the band-pass filter has a cen-
tral frequency of 0.5 Hz to characterize damaging strong
motion to wooden frame houses and felt shaking. The re-
lations between ac, instrumental JMA intensity, and 10-
degree JMA intensity scale as well as the approximate rela-
tion of the JMA intensity scale and Modified Mercalli scale
are given in Fig. 1. Since 1996 the highest observed seismic
intensity has been 6.5, which was recorded at Kawaguchi,
Niigata Prefecture during the 2004 Mid-Niigata Prefecture
earthquake (M = 6.8, focal depth 13 km) in the source
region 2.9 km from the epicenter, where many wooden
houses collapsed (Japan Meteorological Agency, 2005).
The peak ground acceleration of the unfiltered record was
1,722 cm/s2 in the form of three-component vector ampli-
tude at Kawaguchi.
Seismic intensity is currently (July 2010) measured at
more than 4,000 sites throughout Japan by JMA, munici-
palities, and NIED. When an earthquake occurs, the in-
strumental seismic intensity data are transmitted to JMA
and summarized. Our study used the JMA catalog of the
instrumentally observed seismic intensities from 1996 to
2007. The catalog compiles the data of instrumental inten-
sity 0.5.
For hypocenter and magnitude, we used the unified
hypocenter catalog of JMA. JMA uses two methods to
determine magnitudes: displacement magnitude for large
earthquakes and velocity magnitude for small earthquakes
(Japan Meteorological Agency, 2009). Displacement mag-
nitude is determined from the maximum amplitude of dis-
placement, and velocity magnitude is determined from the
maximum amplitude of velocity. We used only those events
whose magnitude was determined from displacement am-
plitudes in this analysis.
3. Analysis
3.1 Fluctuation of intensity when magnitude is used as
the source factor
In the current method of the JMA EEW system, seismic
intensity distributions of two earthquakes are expected to be
the same if the earthquakes occur at the same location with
the same magnitude. This expectation is based on λg, φg,
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Fig. 2. (a) Observed seismic intensities of two nearly identical earthquakes in the Kanto region, Japan (M = 4.8, focal depth 55 and 53 km, respectively).
The color of the triangles represents the observed seismic intensities; open triangles indicate stations not used in this analysis. Focal mechanisms
obtained from polarity of P waves are also shown. (b) Distribution of the difference in seismic intensity of the two earthquakes determined at the
same stations, indicated by color of the symbols. (c) Histogram of the differences in seismic intensity shown in Fig. 2(b), with the average of the
differences, RMS value, and number of data points shown at the upper left. A positive value means that the intensity of earthquake 1 is larger than
that of earthquake 2; a negative value indicates the opposite.
and G being common at each station and the assumption
that λs, φs, Ds, and S (represented by earthquake magni-
tude) are the same in Eq. (2). In the actual data, however,
the distributions may not be always the same, and differ-
ences in intensity are observed. Figure 2(a) shows the dis-
tribution of seismic intensities of two M = 4.8 earthquakes
that occurred in almost the same location with focal depths
only 2 km apart. Figure 2(b) shows the differences of their
intensities, which are quite notable and include a directional
dependence that may be due to the effect of rupture direc-
tivity. The effect of rupture directivity on wave amplitudes
of M = 4–5 earthquakes has been discussed by Hoshiba
(2003). Figure 2(c) shows a histogram of the seismic in-
tensity differences (intensity of earthquake 1 minus that of
earthquake 2), which have a wide range for the event pair of
Fig. 2(a). Therefore, even earthquakes at the same location
and of the same magnitude can differ in their values and
distribution of seismic intensity. We investigated these dif-
ferences using pairs of adjacent earthquakes with the same
magnitude.
For our analysis, we used earthquakes of magnitude 3.5
to 5.5; larger events were not used so as to avoid the ef-
fect of any inhomogeneous distribution of fault asperities
on seismic intensity. We chose earthquake pairs on the con-
dition that the JMA magnitudes were the same, the distance
between their epicenters was 5 km, and their focal depths
were 5 km apart. As shown in Fig. 3, we exclude the data
of a very small hypocentral distance to satisfy the assump-
tion of the same path factor and also the data of a large
hypocentral distance to avoid the inﬂuence of an artiﬁcial
effect of unreported intensity (minimum value of reported
intensity is 0.5). We used seismic intensity data from sta-
tions for which the hypocentral distance was greater than
tenfold the distance between the hypocenters of the two
earthquakes and smaller than the hypocentral distance of
the station at which seismic intensity was 0.6 (that is, we
exclude the data of the gray areas in Fig. 3). Of the quali-
fying earthquake pairs, we used only pairs with ten or more
intensity data points. Earthquakes that met all of these cri-
teria consisted of just 100 pairs. Figure 4 shows their loca-
tions.
As shown in Fig. 2(c), the difference of intensity in a
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Fig. 3. Hypocentral distance range used for the analysis. Seismic intensity data were used from stations for which the hypocentral distance is more than
tenfold the distance between the hypocenters of the two events and less than the hypocentral distance of the station at which seismic intensity was
≤0.6. Intensity data of gray area are excluded in this analysis.
Fig. 4. Location of 100 pairs of earthquakes used in the analysis. For simplicity, one earthquake of the pairs is plotted in this ﬁgure. The size of the
symbol represents the magnitude, and the difference in the symbol indicts the difference in the focal depth.
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Fig. 5. Histogram of the RMS of the intensity difference for the 100 pairs
of earthquakes. The average of the RMS determinations was 0.41.
given earthquake pair ranges from −1.2 to 1.5, and the root
mean square (RMS) of the difference is 0.80. Figure 5
is a histogram of RMS of the intensity differences for the
100 earthquake pairs. The average RMS is 0.41, which
can be taken as the uncertainty of seismic intensity that
can be expected even when magnitude, path factor, and site
ampliﬁcation factor are the same.
3.2 Fluctuation of intensity when average of intensity
is used as the source factor
As shown in Fig. 2(c), the histogram of RMS differences
is not centered at zero, and a bias is apparent. This means
that the JMA magnitude of an earthquake does not always
represent the radiated energy from the source related to
seismic intensity because JMA magnitude is determined
from the displacement amplitude whereas seismic intensity
is derived from ﬁltered acceleration data, and the typical
frequencies for magnitude determination and for seismic
intensity determination may be different.
We can introduce the average of seismic intensity, in-
stead of JMA magnitude, to represent source factor S in
Eq. (2). After substituting the average of the difference of
the seismic intensities from the distribution, the RMS is re-
evaluated, as shown in Fig. 6. The difference of the average
of seismic intensity is considered to be the difference of the
source factor that determines the seismic intensities. Sub-
stituting the average of the difference of seismic intensities
corresponds to an adjustment of the difference of the source
factors. For this earthquake pair, the RMS changed from
0.80 to 0.64. The histogram of the re-evaluated RMS for
all 100 pairs is shown in Fig. 7; the average is 0.31, which
is a reduction of approximately 25% from that of the de-
terminations using JMA magnitude. This reduction means
that it may be possible to reduce the uncertainty of the an-
ticipated seismic intensity when we use intensity itself in-
stead of displacement amplitude for the source factor; it also
means that the magnitude estimated from the intensity may
be more appropriate than the displacement amplitude to cal-
culate anticipated seismic intensities. The use of the inten-
sity for estimates of magnitude, or “intensity magnitude,”
for EEW purposes has been proposed by Yamamoto et al.
(2007, 2008).
In introducing the average of intensity differences as the
Fig. 6. Example of the procedure for correction of the source factor.
(Top) Histogram of the differences in seismic intensity unadjusted as
in Fig. 2(c); (bottom) after substituting the average of the difference of
seismic intensity.
Fig. 7. Histogram of the RMS of the intensity difference for the 100
earthquake pairs after substituting the average of the difference of seis-
mic intensity at each pair as the source factor. The average RMS was
0.31.
source factor, it is no longer necessary to use earthquake
pairs having the same JMA magnitude. Figure 8 shows the
distribution of RMS values for various cases of magnitude
difference (M = 0.0–0.5), where the average of RMS
for M ≤ 0.5 is 0.33 for 833 pairs. This distribution
demonstrates that the dependence of the average RMS on
the magnitude difference is weak.
The RMS of three pairs is larger than 0.8, as shown in
Fig. 8 (bottom), which means that there is quite a large vari-
ation of seismic intensity in three of the 833 cases (approx-
imately 0.4%) even after correcting for the difference of the
source factor. This ﬁgure indicates that we should expect
a large uncertainty in the intensity anticipation for 0.4% of
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Fig. 8. Distribution of the RMS (after substituting the average of the difference of seismic intensity as the source factor) for various cases of magnitude
difference (M = 0.0, 0.1, 0.2, 0.3, 0.4, and 0.5). Numbers of data points and the average of the RMS are shown. The bottom panel summarizes the
upper six panels.
Table 1. The dependence of the RMS on the criteria for the selection of
the earthquake pairs. The RMS is evaluated for difference criteria of the
distance between the epicenters.
Distance between the epicenters for RMS Number of pairs used
the selection of the earthquake pair for estimation of RMS
≤5 km 0.33 833
≤10 km 0.34 1,019
≤15 km 0.34 1,033
the events.
In the above analysis, we used 5 km for the maximum
distance between the epicenters for the selection of earth-
quake pairs. We estimate the RMS using other criteria in
addition to 5 km and summarize the results in Table 1. The
dependence of the RMS on the criteria is small, and the
result is not inﬂuenced by the criteria for the selection of
earthquake pairs. The reason why the number of pairs does
not increases with increasing the distance is that more data
are excluded with increasing distance and pairs therefore do
not satisfy the condition of ten or more intensity data points
(Fig. 3).
Fluctuation of the intensity, that is, the RMS, may depend
on the magnitude. Figure 9 is a histogram of magnitudes of
the 100 earthquake pairs having the same magnitude. The
100 pairs were divided into three groups according to their
magnitude (M = 3.6–4.2, 4.3–4.6, and 4.7–5.4), and their
respective distributions of RMS were estimated (Fig. 9).
The average of RMS increased with increasing magnitude,
but the dependence of average RMS on magnitude was
weak. The increase in RMS with increasing magnitude may
be due to the effect of an inhomogeneous distribution of
asperity or to the complicated source process of relatively
large earthquakes.
3.3 Fluctuation due to the site ampliﬁcation factor
In the calculation of anticipated seismic intensity, it is
assumed that the difference in seismic intensities at two
adjacent observation sites is almost independent of earth-
quakes and a constant. In Eq. (2), S is common and
f2(λg, φg, λs, φs, Ds) is assumed to be the same, so that the
difference in seismic intensity is controlled by G indepen-
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Fig. 9. Histogram of the RMS of the intensity differences for the 100 earthquake pairs (as in Fig. 7), separated into three magnitude categories.
dent of earthquakes when G is represented by single scalar
value. For example, if the difference in seismic intensities
at two adjacent sites is 0.5 for one earthquake, it should
be 0.5 for another earthquake. The actual data, however,
contradict that assumption. Figure 10 shows examples of
the variation in seismic intensity differences measured at
two pairs of observation sites, one in which the two sites
are 0.9 km apart (Fig. 10(a)) and another in which they are
1.0 km apart (Fig. 10(b)). The shift of the center of the dis-
tribution away from zero is considered to be the difference
in the site ampliﬁcation factors of the two sites. The effects
of site ampliﬁcation factors are taken into account in the
current EEW procedure for anticipated seismic intensity. It
should be noted here that the variation of the difference in
the seismic intensity is recognized. The difference in inten-
sity ranges from −1.0 to 0.9 for the case of Fig. 10(a) and
from −1.8 to 0.3 for Fig. 10(b). The variation introduces
uncertainty into the anticipated seismic intensities.
We investigated how large a variation of intensity differ-
ence is observed in real data from two adjacent observation
sites. For our analysis, we chose the site pairs on the con-
dition that the distance between the sites was 5 km, and
we again used earthquakes of magnitude of M = 3.5 to 5.5
and applied the same criteria given in Section 3.1 for seis-
mic intensities. This procedure yielded 791 pairs of station
sites.
The standard deviation, that is, the RMS difference from
the average, was 0.52 for the site pair of Fig. 10(a) and 0.40
for the site pair of Fig. 10(b). Figure 11 is the histogram
of the standard deviations of the intensity differences for
the 791 pairs. The average of these standard deviations
was 0.29, which is an indication of the expected differences
of seismic intensity even at adjacent sites. This average
suggests that we should expect such a ﬂuctuation in seismic
intensity for each observation site even if the source factor
and path factor are the same—when the site ampliﬁcation
factor is represented by a single scalar value.
4. Conclusion
We investigated how precisely seismic intensities are
forecasted in EEW calculations and what degree of uncer-
tainty should be expected in the anticipated intensities. The
618 M. HOSHIBA et al.: UNCERTAINTY OF ANTICIPATED SEISMIC INTENSITIES FOR THE EEW METHOD IN JAPAN
Fig. 10. (a) Intensity differences for earthquakes observed at a pair of adjacent sites in the Kanto region, Japan. Focal depth and magnitude of the
earthquakes are represented by different symbol types and their size, respectively. The color represents the intensity difference between the two sites.
(b) Intensity difference at a pair of sites in Hokkaido, Japan.
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Fig. 11. Histogram of the standard deviation (for example, standard deviation of the site pair of Fig. 10(a) is 0.52 and that of Fig. 10(b) is 0.40) of 791
pairs of sites. The average of the standard deviation was 0.29.
Table 2. Summary of the data selection and estimation of the uncertainty for the anticipation of seismic intensity. The uncertainty due to the source
factor is given in A1, A2, and A3 and that due to the site ampliﬁcation factor is given in B.
results are summarized in Table 2. To estimate uncertainty,
we compared seismic intensity data recorded at the same
observation site from two adjacent earthquakes and data
recorded at two adjacent observation sites from the same
earthquake. Because we evaluated RMS and the standard
deviation of intensity difference from the difference of two
earthquakes or two observation sites, it is necessary to di-
vide them by
√
2 for a single earthquake or a single site. For
example, because 0.41 was obtained in Section 3.1 as the
uncertainty of seismic intensity using the difference of two
earthquakes, 0.41/
√
2  0.29 is the uncertainty for a single
earthquake. Even when the path factor and site ampliﬁca-
tion factor are appropriately evaluated, we should expect
an uncertainty of 0.29 in anticipated seismic intensity if the
JMA magnitude is used to specify the source factor, and an
uncertainty of 0.22( 0.31/
√
2) if the average of intensi-
ties is used as the source factor. Even when the source fac-
tor and path factor are appropriately evaluated, we should
expect errors of 0.21( 0.29/
√
2) if the site ampliﬁcation
factor is represented by single scalar value.
The uncertainty of the anticipated seismic intensity in
this paper corresponds to the ideal case of the hypocenter
and magnitude being determined precisely and path factor
being represented using 3D attenuation structure based on
Eq. (2). As mentioned above, intensity anticipation in the
current JMA EEW system is based on Eq. (1), that is 1D
structure, and the estimation of hypocenter and magnitude
is performed using only an earlier part of waveforms at a
few stations. The uncertainty calculated in this paper is
smaller than the error of the current JMA EEW procedure.
The uncertainties and errors considered in this paper indi-
cate the intrinsic limit of anticipated seismic intensity in the
current JMA EEW procedure, provided that the hypocenter
and magnitude are determined precisely. It should be noted
here that the uncertainty due to ﬂuctuations of the path fac-
tor should also be considered in the calculation of antici-
pated seismic intensity in addition to the above-mentioned
source and site factors.
We have investigated the uncertainties of anticipated seis-
mic intensity base on Eq. (2) when the source factor, S, and
site factor, G, are represented by scalars. However, because
they have spectrum contents, S and G (and also path fac-
tor f2) should be represented by the function of frequency.
The dominant frequency of seismic waves is different from
earthquake to earthquake and also from site to site. Even
when the seismic intensity is the same, the dominant fre-
quency may be different. To improve calculations of an-
ticipated seismic intensity for EEW purposes, spectrum in-
formation of the source factor and site ampliﬁcation factor
may be effective instead of single scalar values. The predic-
tion of seismic ground motion based on Eq. (1) or Eq. (2)
for various frequency bands leads to a more precise predic-
tion and then improves the accuracy of the anticipation of
seismic intensity.
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Figure 2(c) suggests that the effect of the rupture directiv-
ity is also an important consideration. In Eq. (1) and Eq. (2),
the effect of rupture directivity is not taken into account. In-
troduction of the rupture directivity is expected to be effec-
tive for improving the intensity anticipation.
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